Introduction {#h0.0}
============

Herpes simplex virus (HSV) has four envelope glycoproteins that are essential for virus entry into cells: glycoprotein D (gD), gH, gL, and gB. All herpesviruses use a combination of gB and the heterodimer gH/gL to carry out fusion ([@B1]--[@B6]); these three proteins are considered the core fusion machinery. For HSV, an additional protein, gD, is part of this machinery. Our current model of HSV fusion starts with the binding of gD to one of its receptors, likely transmitting a signal to gH/gL, which in turn acts upon gB to trigger fusion ([@B7]). HSV-1 gB is a 904-amino-acid type I membrane glycoprotein whose crystal structure identifies it as a class III fusion protein ([@B8]). Although there is no primary sequence conservation, HSV-1 gB shares a high degree of structural homology with other class III fusion proteins, including vesicular stomatitis virus (VSV) glycoprotein G ([@B9]), baculovirus gp64 ([@B10]), and Epstein-Barr virus (EBV) gB ([@B11]). According to ultrastructural data ([@B8]--[@B11]), these presumed postfusion conformations show that all are homotrimers with a long central coiled-coil structure reminiscent of class I fusion proteins. Yet, all have internal bipartite fusion loops (FLs) which are similar to the single internal FL of class II fusion proteins ([@B5], [@B12]--[@B14]). Single point mutations within either one of the gB fusion loops caused loss of cell-cell fusion and failure of soluble gB to associate with membranes ([@B15], [@B16]).

For VSV glycoprotein G, ultrastructural data are available for both pre- and postfusion forms ([@B9], [@B17]) and indicate that the FLs are situated near the transmembrane region and are close to the viral membrane in both forms. For the fusion loops to start and end in this position, it is presumed that an intermediate step occurs; in this intermediate step, the fusion loops reposition to the top of gB to interact with the cellular membrane. Then, as the conformation of gB changes to its postfusion form, it pulls the viral and cellular membranes close together to facilitate lipid mixing. The prevailing concept is that these hydrophobic loops would be masked on the virus surface prior to fusion activation to avoid premature or otherwise unwanted interactions that may be detrimental to virus infectivity.

The form of HSV gB used for crystallization ended at amino acid 730, leaving the fusion loop region exposed ([@B8]). Residues downstream of amino acid 730 were initially excluded for crystallization trials due to their elevated hydrophobicity, which could impede crystal formation. These downstream residues (residues 731 to 773) constitute the gB membrane-proximal region (MPR) ([@B8], [@B18]--[@B20]). The structure of the MPR remains unknown for any of the class III fusion proteins, but it seems likely to be in close proximity to the FLs ([Fig. 1A](#fig1){ref-type="fig"}).

![(A) Surface representation of the gB trimer. Residues of FL1 (from all 3 monomers) are shown in pink, while residues of FL2 are shown in blue. The C termini of the solved gB monomers are highlighted (yellow). The unsolved MPRs (membrane-proximal regions) (amino acids 730 to 773) of each protomer are represented as dashed, thick tan lines emanating from the gB monomer C termini. FL1 and FL2 of one protomer are labeled in the bottom view of the trimer. (B) Schematic representation of a gB protomer, showing its structural domains (Roman numerals). FL1 and FL2 are indicated with arrows, colored as in panel A. Amino acid numbers are shown along the top. The MPR is shown in tan, and its residues are in expanded view below. Residues that were mutated in this study are highlighted in boldface type with an asterisk. Deletion mutants are designated boxes and aligned below the MPR amino acids, with a dashed line indicating deleted residues in the full-length protein. sig, signal sequence; TMR, transmembrane region. (C) Schematic representation of the soluble C-terminal (C-term) truncation mutants generated in this study. The point mutations F732A and F738A are indicated as black bars.](mbo0061213850001){#fig1}

MPRs provide essential functions in different types of fusion proteins. Mutations within the MPRs of the fusion proteins for HIV ([@B21]), paramyxoviruses ([@B22], [@B23]), VSV ([@B24]), and baculovirus ([@B25]) abolish fusion but do not affect cell surface protein expression. MPRs are characteristically rich in aromatic residues (W, Y, and F) ([@B26]) that have been proposed to bridge the gap between the aqueous and hydrophobic environments present at the lipid interface ([@B27]). These aromatic residues could also act in concert (synergistically) with fusion peptides/loops to destabilize membranes and promote lipid mixing ([@B26], [@B28]). Indeed, aromatic residues are also vital in FL function; it is presumed that their side chains, along with their carbon backbones, are inserted into the target membrane ([@B9], [@B29], [@B30]). Interestingly, the MPR of baculovirus gp64 does not contain any aromatic residues, but its bulky leucine residues appear critical for cell-cell fusion ([@B25]). MPRs might also act as flexible tethers to help fusion proteins become properly positioned between two lipid bilayers, as described for VSV glycoprotein G ([@B31]).

Several studies of gB from different herpesviruses highlight the functional importance of its MPR. Most gB MPR mutants are defective in protein folding and cell surface expression ([@B20], [@B32]--[@B34]), making it difficult to assess its functional role. However, the few HSV gB MPR mutants that are expressed on the cell surface are impaired in cell-cell fusion or virus entry ([@B32], [@B33]).

Previously, we suggested that the MPR could mask the hydrophobic FLs in the prefusion state ([@B15]) in a way that would be analogous to how the FLs of class II fusion proteins are masked at the dimer interface ([@B35]--[@B37]). Our goal here was to carry out a systematic analysis of the MPR. We first made a series of MPR deletion mutants in this region in full-length gB and expressed each mutant in mammalian cells. Unfortunately, none of these mutants were efficiently transported to the cell surface, a defect previously reported for other gB MPR deletions ([@B20]). We next constructed recombinant baculoviruses to express C-terminal gB truncation mutants, containing various lengths of the MPR. Despite the presence of the fusion loops, all of the proteins containing portions of the MPR were compromised in their ability to bind liposomes compared to the MPR-less gB(730t) (gB truncated at amino acid 730), including gB(739t), which contains only nine MPR residues. However, mutation of two aromatic residues in gB(739t) to alanine (F732A/F738A) restored the ability of this protein to bind liposomes. Thus, our data are consistent with a critical role for the MPR in regulating exposure of the gB fusion loops, thereby preventing premature association with lipid.

RESULTS {#h1}
=======

The crystal structure of HSV-1 gB ([Fig. 1A](#fig1){ref-type="fig"}) was solved using a soluble form of gB truncated at amino acid 730 (gB730t) ([@B8]) to avoid the hydrophobic membrane-proximal residues (residues 730 to 773) just upstream of the transmembrane region (TMR) that might impair crystal formation ([@B18], [@B19]). The form of HSV gB used for crystallization ended at amino acid 730, leaving the fusion loop region exposed ([@B8]). Residues downstream of amino acid 730 were initially excluded for crystallization trials due to their elevated hydrophobicity, which could impede crystal formation. We hypothesized that these 43 amino acids, constituting the MPR of gB, obscure the fusion loops, and prevent them from interacting with a target membrane until gB is "activated" for fusion ([@B15]). We assumed that these residues are in close proximity to the fusion loops based on the gB crystal structure ([Fig. 1A](#fig1){ref-type="fig"}, yellow).

MPR deletions impair HSV gB transport. {#h1.1}
--------------------------------------

To determine whether the MPR regulated the ability of the fusion loops to associate with membranes, we first constructed seven MPR deletion mutants (within the context of full-length gB) ([Fig. 1B](#fig1){ref-type="fig"}). The N-terminal half of the MPR was deleted in gBΔ(730--747) (gB with residues 730 to 747 deleted), and the C-terminal half was deleted in gBΔ(748--773). The remaining mutants contained smaller deletions spanning the MPR: gBΔ(730--739), gBΔ(735--744), gBΔ(740--749), gBΔ(750--759), and gBΔ(765--773). All mutants were efficiently expressed in B78-C10 cells, as seen by Western blots of total cell lysates ([Fig. 2A](#fig2){ref-type="fig"}). However, when intact transfected cells were tested in a cell-based enzyme-linked immunosorbent assay (CELISA), all of the deletion mutants were poorly expressed (\<30% that of the wild-type \[WT\] gB) on the cell surface, indicating that although the mutants were expressed, they were inefficiently transported to the cell surface ([Fig. 2B](#fig2){ref-type="fig"}, black bars). Consequently, none were able to function in a cell-cell fusion assay ([Fig. 2B](#fig2){ref-type="fig"}, gray bars). Thus, as seen in other studies ([@B20], [@B34]), deletion of even small sections of the gB MPR has a negative impact on proper protein folding and transport.

![Characterization of gB MPR deletion mutants. (A) Full-length MPR mutants were expressed in mammalian cells, and total cell extracts were analyzed by denaturing Western blotting. Blots were probed with the anti-gB PAb R68. (B) Protein surface expression as detected by CELISA (black bars). Transfected CHO-K1 cells were fixed with 3% paraformaldehyde, then incubated with the anti-gB PAb R69 and goat anti-mouse antibody conjugated to horseradish peroxidase (GAM-HRP). Cells transfected with empty vector DNA were used as a negative control, and this value was subtracted from the other experimental samples. Quantitative cell-cell fusion assay (gray bars) was performed with cocultivation of target CHO-K1 cells (expressing the luciferase protein and the HSV \[herpes simplex virus\] receptor HVEM) with effector CHO cells (expressing T7 polymerase, gD, gH, and gL, plus either WT gB, mutant gB, or empty vector DNA). Cell extracts were tested for light production 18 h later. Percent WT was calculated as follows: for CELISA = (sample absorbance/WT absorbance) × 100; for fusion assay = (RLU of test sample/RLU of WT) × 100 where RLU stands for relative light units.](mbo0061213850002){#fig2}

Construction of soluble, MPR-containing gBs. {#h1.2}
--------------------------------------------

To characterize the biochemical properties of the gB MPR, we created and purified a series of soluble gB ectodomains (no transmembrane region \[TMR\] or endodomain) that lack portions of the MPR. We previously characterized the gB ectodomain gB(730t), lacking all of the MPR, and found that it remains oligomeric, retains all of its major epitopes, and associates with liposomes ([@B8], [@B16], [@B38]). Here, we compared it with both soluble forms of gB bearing partial MPRs \[gB(759t), gB(749t), and gB(739t)\] and a complete ectodomain containing the full MPR, gB(773t) ([Fig. 1C](#fig1){ref-type="fig"}). All were expressed and secreted into the supernatant of baculovirus-infected cells ([Fig. 3A](#fig3){ref-type="fig"}). When the proteins were examined on a nondenaturing gel, all contained both monomeric and trimeric forms of gB ([Fig. 3A](#fig3){ref-type="fig"}, bottom panel). Although all of the truncated proteins were recognized by monoclonal antibodies (MAbs) with trimer-specific, conformation-dependent epitopes (DL16 and SS55), indicative of proper protein folding, gB(759t) appeared to react less well ([Fig. 3B](#fig3){ref-type="fig"}). All MPR-containing gBs also retained their ability to react with MAbs with epitopes in each functional region (data not shown).

![Soluble gB MPR-containing proteins are expressed and folded correctly. (A) Four gB mutants (739t, 749t, 759t, and 773t) were cloned and expressed in a baculovirus expression system as secreted forms with each protein truncated after the indicated amino acid. Proteins were detected with the PAb R69 and visualized by denaturing or "native" Western blots. (B) Reactivity of gB MPR-containing proteins with the conformation-dependent MAbs SS55 or DL16 via "native" Western blotting. The positions of molecular mass standards (in kilodaltons) are shown to the left of the blots in panels A and B. (C) Liposome flotation assay. Purified soluble glycoproteins were incubated with liposomes for 1 h at 37°C. Samples were adjusted to 1 M KCl, incubated for an additional 15 min, layered beneath a discontinuous 5 to 40% sucrose gradient, centrifuged for 3 h, and then fractionated. The top, liposome-containing fraction was analyzed by dot blotting with the PAb R68. lip, liposomes.](mbo0061213850003){#fig3}

The presence of the MPR affects binding of soluble gB to liposomes. {#h1.3}
-------------------------------------------------------------------

(i) Analysis by liposome flotation. {#h1.4}
-----------------------------------

We previously observed that the MPR-less soluble gB(730t) interacts *in vitro* with liposomes when the two are mixed ([@B16], [@B38]), presumably recapitulating the interaction of the gB fusion loops with the cell membrane during virus-cell fusion. Initially, we used the liposome flotation assay to assess whether the MPR, or portions of it, interfered with this interaction.

Purified soluble proteins were individually incubated with liposomes (phosphatidylcholine-cholesterol) at 37°C. Each protein-liposome mixture was then adjusted to 40% sucrose, layered beneath a sucrose step gradient, and centrifuged to allow the liposomes and any associated proteins to float to the top, while proteins that failed to bind liposomes would remain at the bottom of the gradient. The liposome-containing (top) fractions were analyzed by dot blotting using a polyclonal anti-gB antibody for visualization ([Fig. 3C](#fig3){ref-type="fig"}). As previously observed ([@B16]), gB(730t) was not detected in the upper fractions in the absence of liposomes but floated to the top of the gradient in their presence. In the case of the MPR-containing gBs, the ability to coassociate with liposomes decreased markedly. The data shown in [Fig. 3C](#fig3){ref-type="fig"} suggest that there might be a small difference in binding between gB(739t) and gB(773t), but this type of analysis is not quantitative. Therefore, we turned to surface plasmon resonance (SPR) (biosensor) to obtain a more accurate measurement of liposome binding ([@B39]).

(ii) Analysis by SPR/biosensor. {#h1.5}
-------------------------------

Liposomes are able to bind to the lipophilic L1 chip of the BIAcore instrument, which detects mass changes by SPR ([@B40]). In this assay, liposomes were first injected and allowed to flow across an L1 chip surface, and liposome binding, i.e., the mass change due to binding, was detected as an increase in response units (RU) ([Fig. 4A](#fig4){ref-type="fig"}). Approximately 8,500 RU of liposomes was sufficient to saturate each flow cell of the chip, and this amount was used in each experiment. Next, each gB protein was added and allowed to flow across the chip for 240 s. An increase in RU was indicative of protein binding to the immobilized liposomes. It is this second response curve (gB-liposome binding \[[Fig. 4A](#fig4){ref-type="fig"}, boxed\]) that is shown in [Fig. 4B to E](#fig4){ref-type="fig"}. To set up the appropriate binding conditions for our proteins, we first compared gB(730t), known to bind liposomes in a flotation assay, to both the fusion loop mutant gB-W174R(730t) and to gD(306t), two proteins that do not bind liposomes ([@B16]). As expected, gB(730t) readily bound to the immobilized liposomes, as indicated by the increase in RU, while gB-W174R(730t) and gD(306t) did not ([Fig. 4B](#fig4){ref-type="fig"}). Furthermore, gB(730t) bound to liposomes in a dose-dependent manner, showing an increase in RU from 0.08 µM to 5 µM protein ([Fig. 4C](#fig4){ref-type="fig"}). Thus, we demonstrated that biosensor analysis yields reproducible and quantitative data on membrane binding by soluble glycoproteins.

![Liposome binding assay and biosensor analysis. (A) Liposomes are injected and allowed to flow across flow cell 1 (Fc1) and Fc2, with binding at saturation (\~8,500 response units  \[RU\]). Soluble gB(730t) is then injected across Fc2 at 5 µl/min for 240 s, and binding to liposomes is measured as an increase in RU (response units); this portion of the graph (boxed) is shown and analyzed in subsequent figures. A double-slash denotes a break in the *x* axis (no injections were performed during that time period). (B) Response curve showing binding of control proteins gB(730t) (positive control), fusion loop mutant gB-W174R(730t) (negative control), and soluble gD (negative control). (C and D) Twofold serial dilutions of gB(730t) (C) or gB(773t) (D) were injected across the liposome-coated flow cell at 10 µl/min for 2 min to evaluate ligand-liposome association. After each injection, the surface preparation protocol was performed to remove protein and liposomes from the chip, regenerating the surface to the RU baseline. (E) Each soluble protein (156 nM) was allowed to flow across an L1 chip containing immobilized liposomes as described above for panel A. The flow rate was 5 µl/min. (F) Bar graph representation of gB-liposome binding via biosensor. Values are averages of at least 3 separate experiments, with samples presented as percent binding of gB(730t) (set at 100%). Error bars represent standard errors of the means.](mbo0061213850004){#fig4}

The liposome binding capacity of the MPR-containing gB forms was then analyzed within the same range of protein concentrations as used for gB(730t). We found that gB(773t), which contains the complete MPR, bound to liposomes in a dose-dependent manner, albeit at a much lower level than seen for gB(730t) (compare [Fig. 4C and D](#fig4){ref-type="fig"}), but curve fitting for kinetic analysis ([@B40]) was not possible with our data sets, possibly due to complications associated with liposome binding. None of the MPR-containing gB truncations bound to liposomes as well as gB(730t), although all exhibited a low level of measurable binding ([Fig. 4E](#fig4){ref-type="fig"}), especially compared to the two negative controls ([Fig. 4B](#fig4){ref-type="fig"}). Of importance, we detected no significant differences in gB-liposome binding between proteins containing portions of MPR or the complete MPR \[gB(739t), gB(749t), gB(759t), or gB(773t)\]. Upon averaging the maximum binding from several experiments (i.e., after 2 min of injection of 0.16 µM gB), we determined that gB(739t) bound to liposomes at a level that was 35% of that of gB(730t), 38% of gB(749t), 29% of gB(759t), and 46% of gB(773t) ([Fig. 4F](#fig4){ref-type="fig"}). In comparison, the negative-control gB-W174R(730t) bound at 18% of that of gB(730t). The data show that the presence of the first 9 amino acids of the MPR (residues 731 to 739) are sufficient to significantly diminish the association of gB with liposomes.

The decrease in liposome binding is not due to aggregation of the MPR mutants. {#h1.6}
------------------------------------------------------------------------------

Our data suggest that the MPR specifically obscures the fusion loops and prevents their interaction with lipids; however, another possibility is that the hydrophobic character of the MPR promotes gB aggregation, possibly obscuring the fusion loops nonspecifically and preventing binding to membranes/lipids. To address this issue, we used gel filtration to separate out any high-molecular-weight (HMW) (i.e., aggregated) gB species from those fractions predominantly containing gB trimers ([Fig. 5](#fig5){ref-type="fig"}). We then tested the pooled trimeric fractions for liposome binding using SPR ([Fig. 5](#fig5){ref-type="fig"}, right panels). Each protein was chromatographed by size exclusion on a Sepharose column as previously described ([@B41]). Multiple fractions were obtained and evaluated by Western blotting, and a representative group of data are shown in [Fig. 5](#fig5){ref-type="fig"}. The bulk of gB(730t) eluted in the trimeric fractions (boxed in [Fig. 5A](#fig5){ref-type="fig"}), and much less was found in the earlier, HMW fractions. In contrast, the bulk of the MPR-containing gBs \[represented by gB(749t) in [Fig. 5B](#fig5){ref-type="fig"}\] was in the HMW fractions ([Fig. 5B](#fig5){ref-type="fig"} and data not shown). For each protein, the trimeric fractions were pooled, and equal concentrations of protein were injected over the liposome-L1 chip. As expected, the trimeric pool of gB(730t) bound well to liposomes ([Fig. 5A](#fig5){ref-type="fig"}, right panel). Importantly, the trimeric pools of MPR-containing gBs were unable to bind liposomes, as exemplified by gB(749t) ([Fig. 5B](#fig5){ref-type="fig"}). Indeed, the modest binding of unfractionated gB(749t) was substantially reduced by removal of the HMW material, suggesting that its binding was due to nonspecific association of aggregated material. Together, our results indicate that aggregation of MPR-containing gB does not prevent liposome binding but instead indicate that MPR-containing gB trimers are specifically compromised in their liposome-binding ability compared to gB(730t), presumably due to the FLs being obscured by the MPR.

![Gel filtration/size exclusion chromatography of gB(730t) (A) and gB(773t) (B). Fractions containing mostly trimeric species (boxed in the Western blot) were tested via biosensor for liposome binding at 156 nM gB for 240 s. Fractions containing high-molecular-weight (HMW) species, samples to the right of the box on the Western blot) were excluded from study. "Total" refers to the gB sample before it underwent gel filtration.](mbo0061213850005){#fig5}

A double point mutation within the MPR restores gB-liposome binding. {#h1.7}
--------------------------------------------------------------------

Because mutants such as gB-W174R(730t) do not bind liposomes ([Fig. 4B](#fig4){ref-type="fig"}), it is clear that association of gB(730t) with lipid membranes occurs via its fusion loops ([@B16]). Here we have shown that the first nine residues of the MPR are sufficient to reduce this binding ([Fig. 4E and F](#fig4){ref-type="fig"}). Among residues 731 to 739 (MFAGLGAFF) there are four hydrophobic amino acids, F732, L735, F738, and F739. These residues could stabilize the MPR and through their side chains possibly form contacts with the fusion loops or surrounding residues. To address the roles of these nine residues, we selected F732 and F738, as based on our model, they were most likely to form such contacts ([Fig. 6A](#fig6){ref-type="fig"}) and mutated them to alanine, creating a double point mutant within the context of gB(739t), gB-F732/738A(739t) ([Fig. 1C](#fig1){ref-type="fig"}). We predicted that this mutant would prevent putative interactions between the MPR and the underlying residues of the fusion loops (modeled in [Fig. 6A](#fig6){ref-type="fig"}) and therefore might improve gB-liposome binding in the context of gB(739t). The mutant protein was recognized by MAbs against conformation-dependent epitopes, indicating that it was properly folded ([Fig. 6B](#fig6){ref-type="fig"}). Unlike its parent protein gB(739t), very few HMW species were observed when gB-F732/738A(739t) was analyzed by gel filtration ([Fig. 6C](#fig6){ref-type="fig"}). Interestingly, biosensor analysis revealed that gB-F732/738A(739t) bound liposomes much better than gB(739t) did and nearly as well as gB(730t) did ([Fig. 6D](#fig6){ref-type="fig"}). These data suggest that the phenylalanine mutations compromise the ability of the MPR to shield the fusion loops, permitting their exposure and subsequent association with lipid membranes.

![(A) Model of a possible interaction between the gB fusion loops and MPR. The gB trimer is rendered in cartoon form in gray, focusing on the fusion loops (FL1 shown in pink and FL2 shown in blue) and C terminus of one of the protomers (H724, yellow spheres). The side chains of both fusion loops are shown. The MPR is depicted as a thick tan dashed line, with the aromatic residues F732 and F738 represented as circles. (B) Native Western blot of soluble gB proteins, probed with the indicated MAbs. The positions of molecular mass standards (in kilodaltons) are shown between the two blots. (C) Native Western blot of gel filtration fractions as described in the legend to [Fig. 5](#fig5){ref-type="fig"}. (D) gB-liposome binding assay (biosensor analysis) as described in the legend to [Fig. 4A](#fig4){ref-type="fig"}. Soluble gB(730t) served as the positive control and soluble gD as the negative control.](mbo0061213850006){#fig6}

DISCUSSION {#h2}
==========

Both class I and class II viral fusion proteins have their fusion peptides/loops buried inside the molecule in the prefusion form ([@B42]). Here, we suggest that for the class III fusion protein HSV gB, the MPR serves this role. Soluble gB ectodomains containing various lengths of the MPR were all reduced in liposome binding compared to the MPR-less gB(730t); this included gB(739t), which contains only nine MPR residues. Mutation of two phenylalanine residues to alanine (F732A/F738A) in the gB(739t) MPR sequence restored the ability of this protein to bind liposomes. We believe that substitution of alanine residues for F732 and F738 disrupts the association of the MPR with the fusion loops, thereby allowing the fusion loops to be unimpeded and now able to bind lipid membranes. Our data are consistent with a role for the MPR in regulating the lipid association capability of the gB fusion loops.

Use of biosensor to evaluate gB-liposome binding. {#h2.1}
-------------------------------------------------

To study gB-liposome interactions, we used SPR/biosensor in addition to our previously described liposome flotation assay ([@B16], [@B38]). SPR has been used in the HIV field to dissect binding of antibody, MPR (of the viral fusion protein gp41), and liposome (reviewed in reference 43). Here we have applied it to the HSV gB fusion protein. Since liposomes remain as individual vesicles when bound to an L1 sensor chip ([@B44]), as they do with liposome flotation, the two assays should be in agreement to measure protein-liposome interactions. Measuring liposome binding by SPR has several advantages over the standard flotation assay. First, it is far easier and faster to measure binding, as multiple samples can be analyzed on a single chip. Moreover, SPR allows for real-time measurement of gB-liposome binding, whereas the flotation assay relies on a secondary observation (antibody binding on a dot or Western blot) taking place approximately 6 h after the proteins and liposomes are coincubated. The quantitative nature of the biosensor also allowed us to compare percent binding of each experimental sample to binding of the wild type \[in this case, MPR-containing gBs, gB fusion loop mutants, or gD to gB(730t)\].

The HSV gB MPR is sensitive to mutation. {#h2.2}
----------------------------------------

Unlike the MPRs of other fusion proteins ([@B21]--[@B25]), the MPR of gB is particularly sensitive to deletion ([@B20]) ([Fig. 2](#fig2){ref-type="fig"}). While our data point to MPR residues 731 to 739 as having a role in modulating fusion, the remainder of the MPR remains essential at the very least for protein folding and transport; this may be due to hydrophobic residues in the FLs or the MPR being recognized by endoplasmic reticulum (ER) chaperones, leading to ER retention. While deletions within the gB MPR are detrimental in the context of full-length proteins, deletion of the MPR in soluble gB ectodomains does not affect protein expression in our baculovirus system (nor does inclusion of the MPR). Although the soluble gB ectodomain is believed to be in a postfusion form, we are hypothesizing that the MPR functions as a fusion loop "mask" even when gB is in a prefusion form prior to fusion. In fact, a prefusion structure of VSV glycoprotein G ([@B17]) and model of EBV gB ([@B11]) suggest that structural domain I, which contains the fusion loops, remains in the same relative conformation both pre- and postfusion, suggesting that this strategy is sound. In further support, the FLs remain in close proximity to the ectodomain C terminus (and therefore MPR) in both pre- and postfusion forms.

Previously characterized MPR point mutants in full-length HSV-1 gB were found to be complementation defective for gB-null virus and exhibited a lower rate of entry, although two of the four mutants characterized were also defective in protein trafficking ([@B33]). None of these point mutations were within residues 731 to 739, which we have defined as having an effect on liposome binding. In additional experiments, we found that separate mutation of F732A or F738A (in the context of full-length gB) had no effect on cell surface expression, yet each had a negative effect on cell-cell fusion (data not shown). This result is in accordance with our data from the soluble gB-F732/738A double mutant. We predict that the decrease in cell-cell fusion would be explained by premature "triggering" of the FL, due to disruption of important MPR contacts required to maintain gB in a prefusion form. It is of note that gB residue F738 is conserved in all alphaherpesviruses ([@B8], [@B33]).

Roles of the MPR in other viruses. {#h2.3}
----------------------------------

MPR mutations in both VSV glycoprotein G ([@B24]) and baculovirus gp64 ([@B25]) abolish fusion but do not affect cell surface protein expression, indicative of a role for the MPR in the function of these proteins. In VSV glycoprotein G, the amino acids upstream of the TMR in the linear sequence are modeled as "stretching" from the top of the protein structure (crown) down to the transmembrane region in the postfusion structure ([@B9]), and this region is hypothesized to act as a flexible tether for positioning of the fusion protein between the viral and cellular lipid bilayers ([@B31]). Unlike the gB fusion loops, those of baculovirus gp64 are hypothesized to have a second role, in virus-cell attachment ([@B10], [@B45]). Therefore, one would expect that the triggering of gp64 fusion loops would occur earlier in the pathway (to facilitate virus-cell attachment) than for gB (to initiate virus-cell fusion), leaving the MPRs of gp64 and gB to perhaps serve different functions.

How might the gB MPR and FLs work together? {#h2.4}
-------------------------------------------

There are several hypotheses on what triggers gB activation, thereby exposing the fusion loops and promoting fusion of the virus and cell membranes ([@B42]). A low-pH, "histidine switch" model has been proposed for gp64 ([@B46]) and was also tested for HSV gB by Stampfer and colleagues ([@B47]), who found that only one of the two fusion loops (fusion loop 2 \[FL2\], containing H263) changed conformation at low pH; the bulk of the soluble gB(730t) remained unchanged in structure. Although this work was done on soluble gB (thought to be in the postfusion conformation), it fits with a prefusion model of EBV gB which predicts that domain I (containing the FLs) retains its fold between pre- and postfusion forms ([@B11]). Therefore, we suggest that the change in FL2 in response to low pH is sufficient to disengage the FLs from the MPR and expose them to lipids. Indeed, when gB(739t) was incubated at pH 5, its ability to bind liposomes increased to 68% that of gB(730t) (data not shown). However, we need to keep in mind that HSV gB also functions at neutral pH in certain cell types ([@B48]--[@B51]) and activation may occur through gHgL-gB interactions ([@B7], [@B52]), and perhaps even the gB cytoplasmic tail ([@B53]). Regardless of these possibilities, our data highlight the importance of the MPR in regulating exposure of the gB fusion loops and suggest that they play a critical role in maintaining gB in an inactive form, i.e., unable to insert its fusion loops into a target membrane until it is triggered to execute virus-cell fusion.

MATERIALS AND METHODS {#h3}
=====================

Cells. {#h3.1}
------

Mouse B78H1 melanoma cells engineered to express the gD receptor nectin-1 (C10 cells) were grown in Dulbecco's modified Eagle medium (DMEM) supplemented with 5% fetal bovine serum (FBS) and 500 µg/ml of G418. Chinese hamster ovary (CHO-K1) cells were grown in Ham's F-12 medium containing 10% FBS. CHO-K1 and C10 cells were kindly provided by P. G. Spear. Sf9 (*Spodoptera frugiperda*) cells were grown in Sf900II serum-free medium (Gibco).

Antibodies. {#h3.2}
-----------

Rabbit polyclonal antibodies (PAbs) R68 and R69 were raised against full-length gB1 purified from infected cells as previously described ([@B54]). gB-specific monoclonal antibodies (MAbs) SS55 and DL16 were characterized previously and recognize discontinuous (conformation-dependent) epitopes and are trimer specific ([@B55]).

Plasmids. {#h3.3}
---------

Full-length gB constructs containing deletions within the MPR, pSS1000 \[gBΔ(730--747)\], pSS1001 \[gBΔ(748--773)\] pSS1002 \[gBΔ(730--739)\], pSS1003 \[gBΔ(735--744)\], pSS1004 \[gBΔ(740--749)\], pSS1005 \[gBΔ(750--759)\], and pSS1008 \[gBΔ(765--773)\], were created using the QuikChange XL site-directed mutagenesis kit (Stratagene Cloning Systems) as described previously ([@B56]). QuikChange primers were designed to "loop out" unwanted residues during amplification of template pPEP98 (containing the full-length gB gene from KOS, a gift of P. Spear) ([@B2]) and were as follows (deletion between underlined nucleotides, only forward primers shown): pSS1000, 5′-CATCCACGCCGACGCCAACGC[CG]{.ul}CGGTCGGCAAGGTGGTGATGGGC; pSS1001, 5′-CGAGGGGATGGGCGACCTGGGGCG[CC]{.ul}CCTTTGGGGCGCTGGCCGTGGG; pSS1002, 5′-CACGCCGACGCCAACGC[CG]{.ul}AGGGGATGGGCGACCTG; pSS1003, 5′-GCCGCCATGTTCGCGGG[CC]{.ul}TGGGGCGCGCGGTCGGC; pSS1004, 5′-GGCCTGGGCGCGTTCTT[CG]{.ul}GCAAGGTGGTGATGGGC; pSS1005, 5′-GACCTGGGGCGCGCGGT[CG]{.ul}TGGTATCGGCCGTGTCG; and pSS1008, 5′-GGCGGCGTGGTATCGGCCGT[GC]{.ul}CCTTTGGGGCGCTGGCC. All deletions were confirmed by sequencing the gB gene. Plasmids for expression of full-length HSV glycoproteins (pPEP99, pPEP100, and pPEP101) and those needed in the cell-cell fusion assay (pCAGGS/MCS, pT7EMCLuc \[Luc stands for luciferase\], and pCAGT7) were gifts of P. G. Spear ([@B2], [@B57]).

Production and purification of soluble HSV glycoproteins. {#h3.4}
---------------------------------------------------------

To construct a baculovirus vector expressing the MPR-containing gB ectodomain, we PCR amplified residues 526 to 773 of gB1 from template pKBXX (containing the gB gene from KOS, a gift of S. Person) using primers 5′-CGG[CTGCAG]{.ul}TTTACGTACAA (PstI site underlined) and 5′-CGC[GAGTTC]{.ul}AATTGGACATGAAGGAGGACAC (EcoRI site underlined). This fragment was cloned into PstI-EcoRI-digested pCW289 ([@B58]) to generate pLH633 \[gB(773t)\]. Other truncations of gB1 were generated from template pLH633 by QuikChange mutagenesis, generating stop codons (underlined) at residues 740 (primer 5′-GGCCTGGGCGCGTTCTTC[TGA]{.ul}ATTCGGTACCGACTCTGC), 750 (primer 5′-GACCTGGGGCGCGCGGTC[TGA]{.ul}ATTCGGTACCGACTCTGC), and 760 (primer 5′-GATGGGCATCGTGGGCGGC[TGA]{.ul}ATTCGGTACCGACTCTGC). The resulting constructs were named pSS1010 \[gB(739t)\], pSS1013 \[gB(749t)\], and pSS1015 \[gB(759t)\], respectively. A double point mutant, gB-F732/738A(739t) (pSS1023), was generated from template pSS1010 by QuikChange using primer 5′-GCCAACGCCGCCATG[GCC]{.ul}GCGGGCCTGGGC and 5′-GCGGGCCTGGGCGCG[GCC]{.ul}TTCGAGGGGATGGGC (substitutions underlined) to sequentially add first F732A and then F738A to the coding sequence. All mutations were verified by sequencing the entire gB gene. Recombinant baculoviruses were generated as previously described ([@B59]). The resulting soluble gB proteins were purified with a DL16 immunosorbent column ([@B58]). Soluble gB-W174R(730t) was described previously ([@B16]). Soluble gD(306t) was purified from baculovirus-infected insect cells as detailed elsewhere ([@B59], [@B60]).

Western blotting. {#h3.5}
-----------------

Purified, soluble proteins were mixed with an equal volume of 2× sample buffer containing either no reducing agent and 0.2% SDS ("native" conditions) or 200 mM dithiothreitol and 2% SDS ("denaturing" conditions) ([@B61]). Proteins from denatured samples were also boiled for 5 min before electrophoresis. For full-length proteins, C10 cells were grown on 6-well plates and transfected with the desired plasmids according to the GenePORTER protocol (Gene Therapy Systems, Inc.). At 24 to 48 h posttransfection, cells were lysed in 200 µl of lysis buffer (10 mM Tris \[pH 8\], 150 mM NaCl, 10 mM EDTA, 1% NP-40, 0.5% deoxycholic acid), 5 µl of which was used for electrophoresis (denaturing conditions). All proteins were resolved by polyacrylamide gel electrophoresis and transferred to nitrocellulose for Western blotting.

Fusion assay. {#h3.6}
-------------

To detect cell-cell fusion, we used a previously described luciferase reporter assay ([@B2], [@B57], [@B62]). Briefly, CHO-K1 cells were grown in 24-well plates and transfected with plasmids carrying genes encoding T7 RNA polymerase (pCAGT7), gD (pPEP99), gH (pPEP100), and gL (pPEP101) and either wild-type gB (pPEP98), mutant gB, or empty vector (pCAGGS/MCS). To prepare receptor-expressing cells, CHO-K1 cells growing in six-well plates were transfected with a plasmid encoding the firefly luciferase gene under control of the T7 promoter (pT7EMCLuc) and a plasmid encoding HVEM (herpesvirus entry mediator) (pSC386). Six hours posttransfection, receptor-expressing cells were trypsinized and added to the glycoprotein-expressing cells. At 18 h after cocultivation, the cells were washed with phosphate-buffered saline (PBS), lysed in reporter lysis buffer (Promega), and frozen. Finally, the extracts were thawed and mixed with 100 µl of luciferase substrate (Promega) and immediately assayed for light output by luminometry.

CELISA. {#h3.7}
-------

To detect gB cell surface expression, we used a modification of a cell-based enzyme-linked immunosorbent assay (CELISA). CHO-K1 cells growing in 96-well plates were transfected with pCAGT7, pPEP99, pPEP100, pPEP101, and a plasmid encoding either wild-type gB (pPEP98), mutant gB, or empty vector (pCAGGS/MCS). Forty nanograms of each plasmid/well and 0.5 µl of Lipofectamine 2000 (Invitrogen) were used. The cells were exposed to the DNA-Lipofectamine 2000 mixture for 5 h, after which the mixture was replaced with growth medium. The cells were grown overnight, fixed in 3% paraformaldehyde, and rinsed with PBS. The cells were then incubated for 1 h with PAb R68 diluted in PBS with 3% bovine serum albumin (3% bovine serum albumin-PBS) and incubated for 30 min with goat anti-rabbit antibodies coupled to horseradish peroxidase. The cells were rinsed with 20 mM citrate buffer (pH 4.5) and incubated with peroxidase substrate (Moss, Inc.), and the absorbance at 405 nm was recorded using a microtiter plate reader. The absorbance values of cells transfected with the empty vector pCAGGS/MCS were subtracted, and data were normalized to WT gB.

Liposome flotation assay. {#h3.8}
-------------------------

Liposome flotation assay conditions were adapted from previously described methods ([@B16], [@B63], [@B64]). Liposomes were purchased from Encapsula Nanosciences (Nashville, TN) at a size of 400 nm, containing a 1.7:1 molar ratio of soy-phosphatidylcholine to cholesterol. Briefly, purified soluble gB (1 µg), liposomes (25 µg), 1× protease inhibitor cocktail (Roche), and 15 µl of 200 mM sodium citrate were combined, and the final reaction mixture volume was adjusted to 50 µl with PBS. Protein-liposome mixtures were then incubated at 37°C for 1 h. To eliminate unwanted electrostatic protein-lipid associations, mixtures were incubated with 1 M KCl for 15 min at 37°C before being loaded at the bottom of a sucrose gradient. Mixtures were adjusted to 40% sucrose in a final volume of 500 µl and overlaid with 4 ml of PBS with 25% sucrose (25% sucrose-PBS) and 500 µl of 5% sucrose-PBS. The gradients were centrifuged for 3 h in a Beckman SW55Ti rotor at 246,000 × *g* at 4°C. Seven equal fractions (approximately 700 µl each) were collected, starting from the top of the gradient. Dot blotting onto nitrocellulose was performed using 225 µl per fraction and probed with the anti-gB PAb R68.

Surface plasmon resonance (biosensor) experiments to detect gB-liposome binding. {#h3.9}
--------------------------------------------------------------------------------

Surface plasmon resonance (SPR) experiments were performed using a BIAcore 3000 or BIAcore X100 optical biosensor (GE Healthcare, BIAcore Life Sciences) at 25°C. Filtered and degassed HBS-N buffer (10 mM HEPES \[pH 7.4\], 150 mM NaCl) was used in all liposome association experiments. We used an L1 sensor chip (BIAcore), as it has a hydrophobic surface capable of binding liposomes. Liposomes were purchased from Encapsula Nanosciences (Nashville, TN) at a size of 400 nm, containing a 1.7:1 molar ratio of soy-phosphatidylcholine to cholesterol. To prepare the chip surface for liposome binding, it was washed sequentially with 20 µl of 1% octyl-β-d-glucopyranoside, 20 µl of 0.5% SDS, 10 µl of 1% octyl-β-[d]{.smallcaps}-glucopyranoside, and 10 µl of 30% ethanol. Liposomes (1 mM, diluted in HBS-N buffer) were injected until the chip was saturated, giving a signal of approximately 8,500 RU. Once bound, the liposomes remained on the chip, and there was no appreciable dissociation (no measurable off-rate). Purified soluble proteins diluted in HBS-N buffer were then individually injected at various concentrations (achieved by dilution in HBS-N buffer) at a flow rate of 5 µl/min. After injection of the soluble protein was complete (typically 20 µl for 240 s), the RU was recorded and used to determine the level of protein binding. After each protein injection, the surface preparation protocol was performed to remove protein and liposomes from the chip, regenerating the surface to the RU baseline.

Gel filtration/size exclusion chromatography. {#h3.10}
---------------------------------------------

Size exclusion chromatography of gB ([@B41]) was performed on an AKTA purifier equipped with a Superdex S200 (24-ml) column (GE Healthcare) equilibrated with phosphate-buffered saline. The Superdex column was calibrated by using thyroglobulin (669 kDa), ferritin (440 kDa), aldolase (158 kDa), conalbumin (75 kDa), ovalbumin (43 kDa), carbonic anhydrase (29 kDa), RNase A (14 kDa), and aprotinin (6 kDa); blue dextran was used to determine the void volume (GE Healthcare). For each sample, 5 µl of each fraction was separated by SDS-PAGE and the high-molecular-weight, trimeric, and monomeric forms of gB were visualized by Western blotting with an anti-gB PAb (R68). Fractions that contained mostly trimers/monomers were pooled and tested by SPR for liposome binding.
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